Seeirch for a heavy vector boson decaying to two gluons 
in pp collisions at ^/s — 1.96 TeV 



T. Aaltonen,^^ J. Adelman,^* B. Alvarez Gonzalez^/" S. Amerio,^-^ D. Amidci,^'^ A. Anastassov^/^ A. Annovi,^^ 
J. Antos,^''' G. Apollinari,^'' J. A. Appcl^*^ T. Arisawa,-"'''' A. Artikov,^^ J. Asaadi;™ W. Ashmanskas,^'' B. Auerbach,^^ 

A. Aurisano,^° F. Azfar,''° W. Badgett/'' T. Bae,^^ A. Barbaro-Galtieri,^^ V.E. Bames,'*^ B.A. Barnett,^'* 
P. Barria'''' *3 P. Bartos/^ M. Bauce^^,^^ F. Bedeschi,*^ g Behari,^* G. Bellettiniss,^^ J. Bellinger,^^ D. Benjamin/^ 

A. Beretvas,i6 A. Bhatti,''^ D. Bisello^/,-*! I. Bizjak,29 K.R. Bland,^ B. Blumcnfcld,24 A. Bocci.i"^ A. Bodok^e 
D. Bortoletto,^^ J. Boudreau,'*^ A. Bovcia,^^ L. Brigliadori'^'^,^ C. Bromberg,'^'' E. Bmckcn,^'^ J. Budagov/^ 

H.S. Budd,'^6 K. Burkett,!^ G. Busetto^-^',-*! P. Bussey,20 A. Buzatu,^^ A. Calamba," C. Calancha,^^ S. Camarda,^ 

M. Campanelli,29 M. Gampbell,^^ p Canelli,!^. le B. Carls,^^ D. Carlsmith," R. Carosi,*^ S. Carrillo™/^ 
S. Carron,!^ B. Casal'=,i° M. Casarsa,^! A. Castro'^^^ P. Catastini,^! D. Cauz,'"^! V. Cavalierc,^^ M. Cavalli-Sforza,^ 
A. Cerri/,27 L. Cerrito",^^ Y.C. Chen,i M. ChertokJ G. Chiarelli,'^^ G. Chlachidze/^ F. Chlebana/'^ K. Cho,^^ 
D. Chokheli/^ W.H. Chung,^^ Y.S. Chung,*^ ^ ^ Ciocci'''',^^ a. Clark/^ C. Clarke,^^ G. Compostella^-'',^! 
M.E. Convery,i6 J. Conway/ M.Corbo,if5 M. Cordelli,!^ C.A. Cox/ D.J. Cox/ F. CrcscioliSff/^ J. Cucvas^lo 
R. Culbertson/6 D. Dagenhart/*' N. d'Ascenzo'"/'^ M. Datta/^ p. dc Barbaro/*^' M. DcU'Orsoff l Demortier/'^ 

M. Deninno/ F. Devoto/^ M. d'Errico-^-''/^ A. Di Cantons ^ Ruzza/^ J.R. Dittmann/ M. D'Onofrio/^ 
S. Donatiss,^^ P. Dong/^ M. Dorigo/^ T. Dorigo,*^ K. Ebina/^ A. Elagin/o A. Eppig/^ R. Erbacher/ S. Errede/^ 

N. Ershaidaf^''/^ R. Euscbi,^" S. Farrington/" M. Feindt/""^ J.P. Fernandez/" R. Field/'^ G. Flanagan"/^ 
R. Forrest/ M.J. Frank/ M. Franklin/^ J.C. Freeman/^ Y. Funakoshi/^ I. Furic/"^ M. Gallinaro/^ J.E. Garcia/^ 
A.F. Garfinkel/5 P. Garosi'^''/^ jj Qerberich/^ E. Gerchtein/^ S. Giagu/^ V. Giakoumopoulou/ P. Giannetti/^^ 

K. Gibson/4 q j^I. Ginsburg/^ N. Giokaris/ P. Giromini/** G. Giurgiu/^ V. Glagolcv/* D. Glcnzinski/^ 
M. Gold,'''^' D. Goldin,'™ N. Goldschmidt/^ A. Golossanov/^ G. Gomez/" G. Gomez- Ccballos/i M. Goncharov/i 
O. Gonzalez/" I. Gorelov/^ A.T. Goshaw/^ K. Goulianos/^ S. Grinstein/ C. Grosso-Pilcher/^ R.C. Group^^/^ 
J. Guimaraes da Costa/^ S.R. Hahn/^ E. Halkiadakis/^ A. Hamaguchi/^ J.Y. Han/<5 F. Happacher/^ K. Hara/^ 

D. Hare/s M. Hare,''^"' R.F. Harr,-'^^ K. Hatakeyama/ C. Hays/" M. Hcck/'^ J. Hcinrich/^ M. Herndon," 
S. Hewamanage/ A. Hocker/" W. HopkinsS/^ D. Horn/^ S. Hou/ R.E. Hughes/^ M. Hurwitz/^ U. Husemann/^ 
N. Hussain/2 M. Hussein/^ J. Huston/^ G. Introzzi/^ M. IorP'-?/« A. Ivanovo/ E. James/*^ D. Jang/^ 

B. Jayatilaka/5 E.J. Jeon/^ S. Jindariani/^ M. Jones/^ K.K. Joo/*^ S.Y. Jun/^ T.R. Junk/^ T. Kamon^s/o 
P.E. Karchin/6 A. Kasmi/ Y. Kato°/9 w. Ketchum/^ J. Keung/^ M. Khader/ V. Khotilovich/" B. Kilminstcr/^ 
D.H. Kim/" H.S. Kim/" J.E. Kim/" M.J. Kim/^ S.B. Kim/" S.H. Kim/^ Y.K. Kim/^ Y.J. Kim/" N. Kimura/^ 
M. Kirby/" S. Klimenko/^ K. Knoepfel/" K. Kondo*/^ D.J. Kong/" J. Konigsberg/^ A.V. Kotwal/^ M. Kreps/^ 

J. Kroll/2 D. Krop/2 M. Kruse/^ V. Krutelyov^'^" T. Kuhr/^ M. Kurata,''^^ g Kwang/^ A.T. Laasanen/^ 
S. Lami/3 S. Lammel/" M. Lancaster/^ R.L. Lander/ K. Lannon?'/^ A. Lath/^ G. Latino'''* /^ T. LeCompte/ 
E. Lee/" H.S. Lee'?/^ J.S. Lee/" S.W. Lee''^5" S. Leo^s/^ S. Leone/^ J.D. Lewis/" A. Limosani*/^ C.-J. Lin/^ 
M. Lindgren/" E. Lipeles/^ A. Lister/^ D.O. Litvintsev/" C. Liu/* H. Liu/* Q. Liu/^ T. Liu/" 
S. Lockwitz/8 A. Loginov/^ D. Luccliesi-''-'^/i J. Lucck/^ P. Lujan/^ P. Lukens/" G. Lungu/'^ J. Lys/'^ 
R. Lysak^i3 Madrak/" K. Maeshima/" P. Maestro'''* /^ S. Malik/^ G. Manca"/'^ A. Manousakis-Katsikakis/ 
F. Margaroli/* C. Marino/^ M. Martinez/ P. Mastrandrea/® K. Matera/^ M.E. Mattson/" A. Mazzacane/" 

P. Mazzanti/ K.S. McFarland/" P. Mclntyre/" R. McNulty/^s A. Mehta/^ P. Mehtala/^ C. Mesropian/^ 
T. Miao/" D. Mictlicki.^'*-'^ A. Mitra.^ H. Miyake/'^^ Moed/" N. Moggi," M.N. Mondragon'" C.S. Moon/" 
R. Moore/" M.J. Morello"/^ J. Morloek/^ P. Movilla Fernandez/" A. Mukherjee/" Th. Muller/'"^ P. Murat/" 

M. Mussini^^" J. Nachtman"/" Y. Nagai/^ J. Naganoma/^ L Nakano/^ A. Napier/^ J. Nett/" C. Neu/* 
M.S. Neubaucr/3 J. Nielsen''/^ L. Nodulman/ S.Y. Noh/" O. Norniella/-"' L. Oakes/" S.H. Oh/^ Y.D. Oh/" 
L Oksuzian/4 T. Okusawa/^ R. Orava/^ L. Ortolan/ S. Pagan Griso^-^/i C. Pagliarone/i E. Palencia^/" 
V. Papadimitriou/" A.A. Paramonov/ J. Patrick/" G. Pauletta''*^/^ M. Paulini/^ C. Paus/^ D.E. Pellett/ 
A. Pcnzo/i T.J. Phillips/^ G. Piacentino/-'^ E. Pianori/^ J. Pilot/^ K. Pitts/^ C. Plager/ L. Pondrom/'^ 
S. Poprockif/" K. Potamianos/^ F. Prokoshin'^'^ /'^ A. Pranko/^ F. Ptohos'^/^ G. Punzi^s/^ A. Rahaman/* 
V. Ramakrishnan/"^ N. Ranjan/^ K. Rao/ L Redondo/" P. Renton/" M. Rescigno/^ T. Riddick/^ F. Rimondi^^" 
L. Ristori*2/" A. Robson/" T. Rodrigo/" T. Rodriguez/^ E. Rogers/^ S. RoUi'/^ R. Roser/" F. Ruffini''''/^ 



2 



A. Ruiz,io J. Russ," V. Rusu,i6 A. Safonov,^^ W.K. Sakunioto,*^ Y. Sakurai,^^ L. Santi'=^5l ^ Sato,^^ 
V. Saveliev^',16 A. Savoy-Navarro'^'^/e Schlabach/^ A. Schmidt,^^ E.E. Schmidt/'^ T. Schwarz,!^ L. Scodellaro,i° 
A. Scribano'''^,^^ p Scuri,^^ g Seidel,^^ Y. Seiya ^9 A. Semenov/^ F. Sforza'''',^^ g 2. Shalhout/ T. Shears,^^ 
RF. Shepard,"'' M. Shimojima^,^^ Shochet/^ I. Shreyber-Tecker,^^ A. Simoncnko,!'' R Sincrvo,^^ K. Sliwa,^^ 
J.R. Smith/ F.D. Snider,!^ A. Soha,!^ y gorin,* H. Song,44 p. SquiUacioti'''' ,^3 m. Stancari,!^ R. St. Denis,^^ 
B. Stelzer,32 O. Stelzer-Chilton,32 D. Stentz^/^ J. Strologas,^^ G.L. Strycker,33 Y. Sudo,^^ a. Sukhanov,^*^ 
I. Suslov/^ K. Takemasa,52 y Takeuchi,52 J. Tang/^ M. Tecchio,=^3 p ^ Teng/ J. Thoms/^ j. Thome," 
G.A. Thompsoii,23 E. Thomson ^2 D. Toback,^" S. Tokar," K. Tollcfson,34 T. Tomura,52 J3 XoncUi,!^ S. Torrc,i** 
D. Torretta/'^ P. Totaro,"! M. Trovato",''^ p Ukegawa,^2 g^ Uozumi,26 A. Varganov,^^ F. Vazquez™," G. Vclcv,!^ 
C. Vemdis,!^ M. Vidal,*^ I. Vila,i° R. Yilax,^° J. Vizan,i° M. Vogel,^^ G. Volpi,i« P. Wagner,42 R.L. Wagner,!*^' 
T. Wakisaka,39 R. Wallny,'^ S.M. Wang,i A. Warburton,32 D. Waters,^^ W.C. Wester lU,^^ D. Whiteson^42 
A.B. Wicklund,2 E. Wicklund,!^ S. Wilbur,i2 F. Wick,25 H.H. Wmiams,42 J.S. Wilson,^^ p. Wilson,i*^ B.L. Winer,^^ 
P. Wittichf,!^ S. Wolbers,^*^ H. Wolfe,^^ T. Wright,^^ X. Wu,^^ Z. Wu,^ K. Yamamoto,^^ D. Yamato,^^ T. Yang,i^ 
U.K. Yang'', 12 y.C. Yang,^^ W.-M. Yao,^^ G.P. Yeh,^*^ M. Yen,^ K. Yi",!^ J. Yoh,^^ K. Yorita,^^ T. Yoshida',^^^ 
G.B. Yu,i5 I. Yu,26 S.S. Yu,i6 J.C. Yun,i6 A. Zanctti,^! Y. Zeng,!^ C. Zhou,!^ and S. ZuccheUi^^^ 

(CDF Collaboration^) 

^Institute of Physics, Academia Smica, Taipei, Taiwan 11529, Republic of China 
^Argonne National Laboratory, Argonne, Illinois 60439, USA 
^University of Athens, 157 71 Athens, Greece 
^Institut de Fisica d'Altes Energies, ICREA, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain 

^Baylor University, Waco, Texas 76798, USA 
^Istituto Nazionale di Fisica Nucleare Bologna, University of Bologna, 1-40127 Bologna, Raly 
''University of California, Davis, Davis, California 95616, USA 
University of California, Irvine, Irvine, California 92697, USA 
^University of California, Los Angeles, Los Angeles, California 90024, USA 
^"instituto de Fisica de Cantabria, CSIC- University of Cantabria, 39005 Santander, Spain 
^'Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA 
^^Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA 
Comenius University, 842 48 Bratislava, Slovakia; Institute of Experimental Physics, O4O 01 Kosice, Slovakia 
'-'''Joint Institute for Nuclear Research, RU-141980 Dubna, Russia 
'^Duke University, Durham, North Carolina 27708, USA 
'^Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA 
'^University of Florida, Gainesville, Florida 32611, USA 
'^Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, 1-00044 Frascati, Italy 
"^University of Geneva, CII-1211 Geneva 4, Switzerland 
^''Glasgow University, Glasgow G12 8QQ, United Kingdom 
Harvard University, Cambridge, Massachusetts 02138, USA 
'''''^Division of High Energy Physics, Department of Physics, 
University of Helsinki and Helsinki Institute of Physics, FIN-OOOI4, Helsinki, Finland 
University of Illinois, Urbana, Illinois 61801, USA 
^^The Johns Hopkins University, Baltimore, Maryland 21218, USA 
^^Institut fiir Experimentelle Kernphysik, Karlsruhe Institute of Technology, D-76131 Karlsruhe, Germany 
Center for High Energy Physics: Kyungpook National University, 
Daegu 702-701, Korea; Seoul National University, Seoul 151-742, 
Korea; Sungkyunkwan University, Suwon 440-746, 
Korea; Korea Institute of Science and Technology Information, 
Daejeon 305-806, Korea; Chonnam National University, Gwangju 500-757, 
Korea; Chonbuk National University, Jeonju 561-756, Korea 
^''Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA 
University of Liverpool, Liverpool L69 7ZE, United Kingdom 
University College London, London WCIE 6BT, United Kingdom 
^"Centro de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain 
^'Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA 
'^^ Institute of Particle Physics: McGill University, Montreal, Quebec, 
Canada H3A 2T8; Simon Eraser University, Burnaby, British Columbia, 
Canada V5A 1S6; University of Toronto, Toronto, Ontario, 
Canada M5S 1A7; and TRIUMF, Vancouver, British Columbia, Canada V6T 2A3 
University of Michigan, Ann Arbor, Michigan 48109, USA 
Michigan State University, East Lansing, Michigan 48824, USA 
^^Institution for Theoretical and Experimental Physics, ITER, Moscow 117259, Russia 



3 



University of New Mexico, Albuquerque, New Mexico 87131, USA 
^''The Ohio State University, Columbus, Ohio 43210, USA 
'^^ Okayama University, Okayama 700-8530, Japan 
''^ Osaka City University, Osaka 588, Japan 
^"University of Oxford, Oxford 0X1 3RH, United Kingdom 
Istituto Nazionale di Fisica Nucleare, Sezione di Padova-Trento, ^-^ University of Padova, 1-35131 Padova, Italy 
'^''University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA 
^"^Istituto Nazionale di Fisica Nucleare Pisa, *® University of Pisa, 
^'^ University of Siena and "Scuola Normale Superiore, 1-56127 Pisa, Italy 
University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA 
Purdue University, West Lafayette, Indiana 47907, USA 
University of Rochester, Rochester, New York 14627, USA 
^''The Rockefeller University, New York, New York 10065, USA 
Istituto Nazionale di Fisica Nucleare, Sezione di Roma 1, 
Sapienza Universita di Roma, 1-00185 Roma, Italy 
^^Rutgers University, Piscataway, New Jersey 08855, USA 
Texas A&M University, College Station, Texas 77843, USA 
^^Istituto Nazionale di Fisica Nucleare Trieste /U dine, 
I-34IOO Trieste, ''''University of Udme, 1-33100 Udme, Italy 
University of Tsukuba, Tsukuba, Ibaraki 305, Japan 
Tufts University, Medford, Massachusetts 02155, USA 
University of Virginia, Charlottesville, Virginia 22906, USA 

^^Waseda University, Tokyo 169, Japan 
•''''Wayne State University, Detroit, Michigan 48201, USA 
^''University of Wisconsin, Madison, Wisconsin 53706, USA 
^^Yale University, New Haven, Connecticut 06520, USA 

We present a search for a new heavy vector boson Z' that decays to gluons. Decays to on-shell 
gluons are suppressed, leading to a dominant decay mode of Z' — >■ g* g. We study the case where 
the off-shell gluon g* converts to a pair of top quarks, leading to a final state of ttg. In a sample of 
events with exactly one charged lepton, large missing transverse momentum and at least five jets, 
corresponding to an integrated luminosity of 8.7 fb"'^ collected by the CDF II detector, we find the 
data to be consistent with the standard model. We set upper limits on the production cross section 
times branching ratio of this chromophilic Z' at 95% confidence level from 300 fb to 40 fb for Z' 
masses ranging from 400 GeV/c^ to 1000 GeV/c^, respectively. 
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Various models of physics beyond the standard model 
(SM) predict new U(l) symmetries with an associated 
electrically neutral Z' gauge boson. Assuming coupling 
to charged lepton pairs, experiments at the LHC rule 
out such particles up to masses of several TeV [TJ [5]. 
Strict hmits are also set by DO, CDF, ATLAS and CMS 
in searches for Z' decaying to light quarks [SHS] or tt 
pairs [7HTO]. If the new particle decays only to gluons 
[chromophilic Z'), such limits are evaded. If the new 
gauge boson is due to a new hidden sector, tree-level 
couplings to fermions may be suppressed, and the lead- 
ing interactions would be with fields charged under the 
new U(l) and SU(2) or SU(3) groups; the SU(3) case 
leads to a chromophilic Z' that decays to pairs of glu- 
ons [TT]. However, the Landau- Yang theorem [T^] pre- 
vents a vector particle from decaying to two massless 
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FIG. 1: Diagram for Z'g (top) or Z'q (bottom) production 
followed by Z' — >■ gg* — > gtt decay giving a tigg (top) or ttgq 
(bottom) final state. 



gauge bosons, and so the predominant decay mode is to 
one on-shell (massless) gluon and one ofF-shell (massive) 
gluon, the latter then decaying to a pair of quarks, giv- 
ing Z' — > g*g — > qqg. For the same reason, the Z' boson 
can not be produced through the fusion of two on-shell 
gluons in the process gg — >■ Z' , but require at least one 
of the incoming gluons to be offshell, see Fig. [ij 

If the g* — !■ qq pair in the decay is below the top-quark 
pair mass threshold, it gives a four-jet final state; the 
usual constraints on Z' models from dilepton and dijet 
final states therefore do not apply to this model. How- 
ever, the four-jet final state with a resonance in three 
jets would be challenging to see over the large multi-jet 
background. To extract the signal from the large back- 
ground, we will look at signal events where the off-shell 
gluon decays to heavy flavor quarks. In this paper, we 
focus on the decay Z' gtt and consider the decay mode 
Z' — T' tig — >■ W'^bW~bg in which one W boson decays 
leptonically (including r lepton decays) and the second 
W boson decays to a quark-antiquark pair. This decay 
mode features a large tt branching ratio and a distinc- 



tive experimental signature which allows the reduction 
to a manageable level of the backgrounds other than SM 
tt production. Such a signal is similar to SM top-quark 
pair production and decay, but with an additional jet 
coming from the on-shell gluon from Z' ^ g* g decay. 

We analyze a sample of events corresponding to an in- 
tegrated luminosity of 8.7±0.5 fb""'^ recorded by the CDF 
II detector [13], a general purpose detector designed to 
study pp coUisions at s ~ 1.96 TeV produced by the 
Fermilab Tevatron collider. CDF's tracking system con- 
sists of a silicon microstrip tracker and a drift chamber 
that are immersed in a 1.4 T axial magnetic field |14| . 
Electromagnetic and hadronic calorimeters surrounding 
the tracking system measure particle energies, with muon 
detection provided by an additional system of drift cham- 
bers located outside the calorimeters. 

Events are selected online (triggered) by the require- 
ment of an e or /i candidate [TS] with transverse momen- 
tum [Mj greater than 18 GeV/c. After trigger selec- 
tion, events are retained if the electron or muon candidate 
has a pseudorapidity |?7| < 1.1 [16], pt > 20 GeV/c and 
satisfies the standard CDF identification and isolation re- 
quirements |15j . We reconstruct jets in the calorimeter 
using the jetclu [T7] algorithm with a clustering radius 
of 0.4 in — (/) space, and calibrated using the techniques 
outlined in Ref. [18]. Jets are required to have trans- 
verse energy > 15 GeV and |?7| < 2.4. Missing trans- 
verse momentum [19) is reconstructed using calorimeter 
and muon information [15] : in this experimental signa- 
ture the missing transverse momentum is mostly due to 
the neutrino from the leptonically-decaying W boson. 

The signature of Z' tig -J> W'^hW-hg ->■ ivhqq'bg 
is a charged lepton (e or /i) , large missing transverse mo- 
mentum, two jets arising from b quarks, and three ad- 
ditional jets from the H^-boson hadronic decay and the 
Z' decay gluon. We select events with exactly one elec- 
tron or muon, at least five jets, and missing transverse 
momentum greater than 20 GeV/c. Since such a signal 
would have two jets originating from h quarks, we require 
(with minimal loss of efficiency) evidence of decay of a 
h hadron in at least one jet. This requirement, called b- 
tagging, makes use of the SECVTX algorithm, which iden- 
tifies jets from h quarks via their secondary vertices [20] . 

We model the production of Z' bosons with mz' = 
400-1000 GeV/c^ in 100 GeV/c^ intervals and subse- 
quent decays Z' — >• gg* and g* -> tt with Mad- 
GRAPH [21]. Additional radiation, hadronization and 
showering are described by pythia [22 . The detector 
response for all simulated samples is modeled by the 
GEANT-based CDF II detector simulation [53^ . 

The dominant SM background to the tt + j signa- 
ture is top-quark pair production with an additional jet 
due to initial-state or final-state radiation. We model 
this background using PYTHiA tt production with a top- 
quark mass TOi = 172.5 GeV/c^ [53]. We normalize the 
tt background to the theoretical calculation at next-to- 
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next-to-leading order (NNLO) in as [5S]. In addition, 
events generated by a next-to-leading order generator, 
MC@NLO [26], are used in estimating an uncertainty in 
modeling the radiation of an additional jet. 

The second-largest SM background process is the asso- 
ciated production of a boson and jets. Samples of W- 
boson-|-jets events with light-flavor and heavy-flavor (&, c) 
quark jets are generated using ALPGEN [27], and inter- 
faced with a parton-shower model using PYTHIA. The W- 
boson-|-jets samples are normalized to the measured W- 
boson production cross section, with an additional mul- 
tiplicative factor for the relative contribution of heavy- 
and light-flavor jets, following the same technique utilized 
previously in measuring the top-quark pair-production 
cross section fIU\ . 

To check the quality of the H^-boson-|-jets background 
modeling, we compare the model to the data in W- 
boson-|- four-jet events with zero 6-tags. These events 
are expected to contain only 1% of signal, while W- 
boson-l-jets events are expected to account for 50% of the 
expected background yield. We find agreement between 
our total background estimate and the data to within 
1%. 

Backgrounds due to production of a Z boson with ad- 
ditional jets, where the second lepton from the Z-boson 
decay is not reconstructed, are small compared to the W- 
boson background and are modeled using events gener- 
ated with ALPGEN, and interfaced with the parton-shower 
model using pythia. The multi-jet background, in which 
a jet is misreconstructed as a lepton, is modeled using 
events triggered on jets below the selection threshold nor- 
malized to a background-dominated region at low missing 
transverse momentum where the multi-jet background is 
large. 

The SM background due to single-top-quark is mod- 
eled using Madgraph interfaced with pythia parton- 
shower models; backgrounds from diboson production are 
modeled using pythia. Both are normalized to next-to- 
leading-order cross sections [551 US • 

We search for a signal as an excess of events above ex- 
pectations from backgrounds in event distributions ver- 
sus the mass of the ttj system {Z' ttj). In tt + j 
events, we first identify the jets belonging to the tt sys- 
tem, using a kinematic fitter |30j to select from all avail- 
able jets in the event the four jets most consistent with 
the tt topology. In the fit, the top-quark and M^-boson 
masses are constrained to be 172.5 GeV/c^ and 80.4 
GeV/c^, respectively. All remaining jets are considered 
candidates for the light-quark jet in the ttj resonance. 
Following the strategy proposed in Ref. [TT], we choose 
the jet with the largest value of Ai?(j, tt) x pi^^ to recon- 
struct the resonance mass m^f^-, where AR{j,tt) is the 
distance between a jet and the ti system in r] — (p space. 
Figure [2] shows distributions of the reconstructed mass 
for several choices of Z' mass; the width of these distri- 
butions is mostly due to jet energy resolution and the 



multiple combinations of jet-parton assignments, rather 
than the natural width of the Z' , which is predicted to be 
much smaller [llj . Backgrounds, in which no resonance 
is present, have a broad, smoothly decreasing distribu- 
tion at low rriuj, while a signal would be reconstructed 
near the resonance mass. 




Reconstructed Z' Mass [GeV/c^] 

FIG. 2: Distribution of reconstructed Z' mass in simulated 
events for three choices of m^/ . 

We consider several sources of systematic uncertainty 
on the predicted background rates and distributions, as 
well as on the expectations for a signal. Each systematic 
uncertainty affects the expected sensitivity to a signal, 
expressed as an expected cross-section upper limit in the 
no-signal assumption. The dominant systematic uncer- 
tainty is the jet energy scale (JES) uncertainty [18], fol- 
lowed by theoretical uncertainties on the cross sections 
of the background processes. To probe the description 
of the additional jet, we compare our nominal ti model 
to one generated by MC@nlo and take the full difference 
as a systematic uncertainty. We also consider systematic 
uncertainties associated with the description of initial- 
and final-state radiation [3D|, uncertainties in the effi- 
ciency of reconstructing leptons and identifying 6-quark 
jets, and uncertainties in the contribution from multiple 
proton interactions. In addition, we consider a variation 
of the scale of W^-boson-t-jet events in ALGPEN. In 
each case, we treat the unknown underlying quantity as 
a nuisance parameter and measure the distortion of the 
rrittj spectrum for positive and negative fluctuations of 
the underlying quantity. Table [l] lists the contributions 
of each of these sources of systematic uncertainty to the 
yields. 

We validate our modeling of the SM backgrounds in 
three background-dominated control regions. The tt 
background is validated in events with exactly four jets 
and at least one b tag. We validate M^-boson-l-jets back- 
grounds in events with at least five jets and no b tags. 
Finally, modeling of SM tt events with an additional jet 
is validated by examining a signal-depleted region with 
at least five jets, at least one b tag and Ht, the scalar 
sum of lepton and jet transverse momenta, less than 350 
GeV/c. As shown in Fig. |3j the backgrounds are well 



6 



TABLE I: Contributions to the systematic uncertainty on the 
expected numbers of events for the two main background 
processes, the total background yield, and an example 500 
GeV/c^ resonance signal with an assumed total cross section 
of 300 fb. 



4 jets, >- 1 b- 



IiJl=K.7 fb"' 



Process 


tt 


W-boson+jets 


Total bg. 


Z' 


Yield 


550 


79 


670 


102 


JES 


17% 


15% 


16% 


9% 


Cross section 


10% 


30% 


12% 




tt generator 


6% 




5% 




Gluon radiation 


6% 




5% 


4% 


{e/fi, 6-jet) ID eff. 


5% 


5% 


5% 


5% 


Mult, interactions 


3% 


2% 


3% 


2% 


scale 




19% 


2% 




Total syst. uncert. 


22% 


39% 


22% 


11% 



TABLE II: For each Z' mass hypothesis, the expected and 
observed limits at 95% C.L. on the production cross section 
times branching ratio, the theoretical prediction for coupling 
g = 100 GeV~^, and the limit on g. 



Z' mass 
(GeV/c") 


Exp (obs) limit 
on a (pb) 


Theory 
a (pb) 


Limit on g 
(GeV-2) 


400 


0.27 (0.30) 


0.003 


987 


500 


0.23 (0.26) 


0.09 


157 


600 


0.17 (0.18) 


0.22 


87 


700 


0.10 (0.11) 


0.24 


64 


800 


0.083 (0.085) 


0.18 


68 


900 


0.061 (0.061) 


0.10 


77 


1000 


0.041 (0.041) 


0.05 


94 



modeled within systematic uncertainties. 

Figure |4] shows the observed distribution of events in 
the signal region compared to possible signals and esti- 
mated backgrounds. At each Z' mass hypothesis, we fit 
the most likely value of the Z' cross section by perform- 
ing a binned maximum-likelihood fit of the mf^j distribu- 
tion, allowing for systematic and statistical fiuctuations 
via template morphing |31j of the signal and background 
distributions. No evidence is found for the presence of 
top-quark-pair-|-jet resonances in ttj events, so we set 
upper limits on Z' boson production at 95% confidence 
level using the CLs method 32J, without profiling the 
systematic uncertainties. The observed limits are consis- 
tent with expectation for the background-only hypothe- 
sis. The upper limits on the cross section are converted 
into limits on the coupling factor g in the Z' gluon ver- 
tex [TT] (Fig. [5] and Table ^ in order to relate the ob- 
served limits to the theoretical prediction. A coupling 
which is much larger than unity would make the theory 
non-perturbative. 

In conclusion, we report on the first search for top- 
quark-pair -l-jet resonances in ttj events. Such resonances 
are predicted by various extensions [TT] of the standard 
model and their existence is poorly constrained exper- 
imentally. For each accepted event, we reconstruct the 
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FIG. 3: Distribution of events versus reconstructed tt or ttj 
invariant mass for observed data and expected backgrounds 
in three control regions. Top, reconstructed invariant mass 
in events with exactly four jets and at least one 6-tag. Cen- 
ter, reconstructed ttj invariant mass in events with at least 
five jets and exactly zero 6-tags. Bottom, reconstructed ttj 
invariant mass in events with at least five jets at least one 
6-tag and Ht < 350 GeV. The lower panels give the relative 
difi'erence between the observed and expected distributions; 
the hatched areas show the combined statistical and system- 
atic uncertainties of the expected background. A comparison 
of the observed data and expected backround is provided by 
the calculation. 
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FIG. 4: Distribution of events versus reconstructed ttj invari- 
ant mass, mttj , for observed data and expected backgrounds 
in the signal region. A signal hypothesis is shown, assuming a 
total cross section of 300 fb. The lower panel gives the relative 
difference between the observed and expected distributions; 
the hatched area shows the combined statistical and system- 
atic uncertainties of the expected background. A comparison 
of the observed data and expected backround is provided by 
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resonance mass (m^fj ) , and find the data to be consistent 
with SM background predictions. We calculate 95% CL. 
upper limits on the cross section of such resonance pro- 
duction from 300 fb to 40 fb for Z' masses ranging from 
400 GeV/c^ to 1000 GeV/c^ and interpret the limits in 
terms of a specific physics model. These limits constrain 
a small portion of the model parameter space. Analysis 
of collisions at the Large Hadron Collider may further 
probe the remaining allowed regions. 
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FIG. 5: Top, upper limits at 95% C.L. on ti -I- j production 
via a heavy new resonance Z' , as a function of the resonance 
mass. Bottom, limits on the coupling g in the Z' theory [11] 



versus resonance mass. 
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